Mutants ofAnabaena sp. strain PCC 7120 that are incapable of sustained growth with air as the sole source of nitrogen were generated by using TnS-derived transposons. Nitrogenase was expressed only in mutants that showed obvious morphological signs of heterocyst differentiation. Even under rigorously anaerobic conditions, nitrogenase was not synthesized in filaments that were unable to develop heterocysts. These results suggest that competence to synthesize nitrogenase requires a process that leads to an early stage of visible heterocyst development and are consistent with the idea that synthesis of nitrogenase is under developmental control (J. Elhai and C. P. Wolk, EMBO J. 9:3379-3388, 1990). We isolated mutants in which differentiation was arrested at an intermediate stage of heterocyst formation, suggesting that differentiation proceeds in stages; those mutants, as well as mutants with aberrant heterocyst envelopes and a mutant with defective respiration, expressed active nitrogenase under anaerobic conditions only. These results support the idea that the heterocyst envelope and heterocyst respiration are required for protection of nitrogenase from inactivation by oxygen. In the presence of air, such mutants contained less nitrogenase than under anaerobic conditions, and the Fe-protein was present in a posttranslationally modified inactive form. We conclude that internal partial oxygen pressure sufficient to inactivate nitrogenase is insufficient to repress synthesis of the enzyme completely. Among mutants with an apparently intact heterocyst envelope and normal respiration, three had virtually undetectable levels of dinitrogenase reductase under all conditions employed. However, three others expressed oxygen-sensitive nitrogenase activity, suggesting that respiration and a barrier to diffusion of gases may not suffice for oxygen protection of nitrogenase in these mutants; two of these mutants reduced acetylene to ethylene and ethane.
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Anabaena sp. strain PCC 7120 is a filamentous cyanobacterium that is capable of aerobic fixation of dinitrogen. Oxygenic photosynthesis and nitrogen fixation are carried out in two different types of cells, vegetative cells and heterocysts, respectively. Heterocysts differentiate in a semiregular pattern along the filaments in response to nitrogen deprivation. Differentiation involves major changes of cellular structures and enzymes and is accompanied by genetic rearrangements. At a very early stage of differentiation, presumptive heterocysts become more rounded and less granular than vegetative cells. Mature heterocysts have a thick layered envelope that consists of heterocyst-specific glycolipids and polysaccharides, they are thought to lack photosystem II and its accessory pigments, and they exhibit altered activities of enzymes involved in carbohydrate metabolism and in other oxidation-reduction processes (reviewed in references 18, 37, and 43). Although transcriptional events are regulated in response to nitrogen stepdown and apparently in response to development (7, 10, 22) , it remains unclear whether a cascade of transcriptional events such as is operative during bacterial sporulation (38) regulates heterocyst differentiation.
In order to identify mutants in which nitrogen fixation is affected, perhaps indirectly by an effect on heterocyst differentiation, we mutagenizedAnabaena sp. strain PCC 7120 with TnS-derived transposons (45) . The transposons were introduced by conjugation (5, 47) . Exconjugants were selected in the presence of antibiotics and nitrate and then transferred to nitrate-free medium. Mutants unable to grow with dinitrogen as the sole nitrogen source were selected for further study (45) .
The nitrogenase activities of the mutants were measured by acetylene reduction in the presence and absence of oxygen. Protection of nitrogenase from inactivation by oxygen appears to depend on (i) a barrier to the diffusion of oxygen and other gases through the envelope of the heterocyst (41); (ii) respiration, which reduces the oxygen that does enter (12, 23) ; and (iii) other processes, including peroxidative activities (1) and posttranslational modification of dinitrogenase reductase (the Fe-protein constituent of nitrogenase; 35) , that limit damage by oxygen.
The primary barrier to penetration of oxygen is thought to be a layer of glycolipids that is localized just outside of the peptidoglycan layer of the heterocyst cell wall; the polysaccharide layer of the heterocyst that lies outside of the glycolipid layer appears to play an indirect role in oxygen protection by helping maintain the integrity of the glycolipid layer (34) . A function of respiration in stabilization of nitrogenase activity was deduced from a correlation of glycogen content of filaments and resistance of nitrogenase activity to inactivation by oxygen in the dark (12) and from the abundance of cytochrome aa3 in heterocysts compared with vegetative cells (17, 23) . It was further shown that when oxygen-dependent inactivation of nitrogenase occurred, the electrophoretic mobility of one or both polypeptides of dinitrogenase reductase was altered. The change is thought to be caused by a reversible posttranslational modification (13, 14) . The function of this modification is unknown. It may render nitrogenase more oxygen tolerant (39) 
MATERIAS AND METHODS
Growth conditions. Wild-type Anabaena sp. strain PCC 7120 and its transposon-generated mutants were grown at 30°C in the light (ca. 3,500 ergs cm-2 s-1) on a rotatory shaker in 50 ml of AA/8 (24) supplemented with nitrate (5 mM) in 125-ml Erlenmeyer flasks. Mutant strains were grown in the presence of appropriate antibiotics (Table 1) . To induce the formation of heterocysts, cultures containing 1 to 2 jig of chlorophyll a ml-1 were washed twice with AA/8, suspended in 50 ml of AA/8 without antibiotics, and kept under growth conditions.
Transposon mutagenesis and selection of mutants. Mutagenesis ofAnabaena sp. by Tn5-derived transposons (Table  1 ) was performed as previously described (45) . Plasmid pRL1065, which carries transposon TnS-1065 (46) , is based on plasmid pRL1058 (45) . Plasmid pRL1087b (Fig. 1 Previous studies showed that strains of cyanobacteria that lack heterocysts often exhibit an oxygen-sensitive nitrogenase activity that is detectable when the gas phase is changed to argon and photosynthetic production of oxygen is inhibited by DCMU (36) or when very dense suspensions are weakly illuminated (42) . In the latter instance, respiratory uptake of oxygen exceeds photosynthetic production of oxygen, and respiration also supplies energy in the form of ATP for nitrogenase activity. Under our assay conditions, Fox-mutants expressed a nitrogenase activity measured under air of no more than 2% of the activity under anaerobic conditions or no more than 0.006 ,umol of C2H2 reduced per mg of chlorophyll a per h. We reserved the phenotype Fixfor mutants that expressed no more than that same low C2H2-reducing activity under any experimental condition employed, i.e., under aerobic and anaerobic gas phases and the latter in the presence of DCMU or dithionite. Nitrogenase is synthesized at a late stage of heterocyst development (10, 18) and, under anaerobic conditions, is expressed only if there has been prior accumulation of glycogen (36) . To ensure that sufficient glycogen had accumulated, cultures were deprived of nitrogen for 1 to 2 days under air before they were made anaerobic and exposed to C2H2. Southern analysis was used to examine whether mutants with the same phenotypes might have arisen from insertions of transposons into identical restriction fragments. For example, mutants LD6 and N10 had the same phenotype and had a transposon within the same ClaI and EcoRV fragments. Similarly, Southern hybridizations using as a probe a transposon-bearing fragment recovered as a plasmid from mutant a41 suggested that Het-mutants a63, T34, T47, and YC49 constituted multiple independent transposon insertions in the same ClaI and EcoRV fragments as those of mutant a41 (data not shown). Het-mutants N5, a41, HNLD, LD6, and P6 had the transposon inserted in a unique ClaI or EcoRV fragment (Table 2) .
Het-mutants a41, N10, and, in other experiments (15), P6 have been reconstructed by (i) recovery of the transposon together with contiguous genomic DNA (45) and (ii) sitedirected mutagenesis of Anabaena sp. strain PCC 7120 with the cloned mutated DNA. Details of the procedure for reconstruction will be presented more fully elsewhere. Reconstruction of mutants a41, N10, and P6 resulted in the same phenotypes observed in the original mutants. Gene hetR (7) is therefore not the only locus whose mutation leads to a nonfragmented Het-phenotype. HNLD, identified initially by its inability to activate a hetA-lux fusion upon nitrogen stepdown, was the only mutant reported here that was isolated by secondary mutagenesis of a primary strain that itself required fixed nitrogen for growth. Reconstruction of the transposon insertion of HNLD did not result in a Hetphenotype, indicating that the phenotype (other than antibiotic resistance) was due not to the transposon but to an independent mutation. The gene mutated in such a mutant can potentially be identified by complementation with DNA from a wild-type strain (6, 44) . Mutant N16, a spontaneous derivative of mutant N10 that formed contiguous multiple heterocysts under nitrogen-fixing conditions, retained transposon TnS-1063 in the same position as did N10. Apparently, therefore, a secondary suppressor mutation was responsible for the derivation of N16 from N10.
Neither heterocyst glycolipids nor dinitrogenase reductase was detected in any of the Het-mutants (Fig. 2 and 3) . Assay of nitrogenase activity, a more sensitive measure of the presence of nitrogenase than is immunological detection, showed traces of reduction of C2H2 in cultures of N10 and also LD6, which is consistent with the presence of revertants that could later be isolated from the former strain. With that exception, no other Het-mutant proved able to reduce acetylene under anaerobic conditions, even when dithionite, an inorganic reductant of nitrogenase, was added.
Hen-, Hgl-, and Hep-phenotypes. More than 90% of Fox-Het+ mutants exhibited aberrant heterocyst envelopes (Hen-phenotype). For example, the heterocyst envelope was less refractile in mutants all, a21, E96, M7, and P2; thinner in mutant a2; apparently missing in mutant M22; loosely attached but still condensed in mutant a70; diffluent in mutant M64; usually detached in mutant Y7; or lacking the thickened layer of envelope glycolipids specifically in the polar region in mutant M8. Small heterocysts with a shriveled envelope were found in long or fragmenting filaments of mutants T22 and T57, respectively, and the envelope in the polar region of the heterocyst appeared open in mutant N9, a mutant that fragmented, with its heterocysts becoming detached. Southern analysis showed that the transposon had inserted into a restriction fragment of different length in each of these mutants ( Table 2 ). Under the assay conditions employed, no Fox-Het+ Hen-mutant reduced more than 0.002 ,mol of C2H2 per mg of chlorophyll a per h in the presence of air, but all proved Fix+ (Table 2) . With the notable exception of Dab-mutant a2 (see below), all Hetand Het+ Dab-mutants lacked heterocyst glycolipids (Hglphenotype; Fig. 2) ; this cell wall component was also missing from many Hen-Dab+ mutants (Table 2) . Hen-mutants such as a2 and Y7 whose primary envelope defect appears to be in the heterocyst envelope polysaccharide may be designated Hep-.
Dab-phenotype. Possible Hen-mutants in which heterocyst development was arrested prior to protoplast maturation might be indistinguishable by microscopy from Henmutants that attained maturity of the heterocyst protoplast but specifically lacked components of the heterocyst envelope. In order to distinguish between these types of mutants, we stained heterocysts with DAB (33). When oxidized, DAB forms dark brown precipitates that in vegetative cells are distributed randomly. Heterocysts normally oxidize DAB preferentially in the contorted-membrane regions of their protoplast near their poles (27) before any oxidation is seen in vegetative cells. Mutant strains in which the heterocysts showed no greater capacity to oxidize DAB than did the vegetative cells were designated Dab-; examples were mutants a2, a2l, and M7. Hen-mutants that were Dab+ nonetheless often showed less-regular deposition of the dye in their heterocysts than did the wild-type strain. All Het+ Fix-mutants that we identified were also Dab+ Hen+, i.e., showed apparently mature heterocysts, and all Hen+ mutants that we identified were Dab+ (Table 2) .
Synthesis and modification of dinitrogenase reductase. After having been assayed for nitrogenase activity, cell suspensions were analyzed for the presence and state of modification of dinitrogenase reductase. Immunoblots (Fig. 3) showed the more rapidly moving, unmodified form of the polypeptide in all anaerobically incubated Fix' strains. With the exception of mutants all and T22, all Fox-Hen-Fix+ strains exhibited this enzyme but showed less of it in the presence of air than under anaerobic conditions. So did Fox-Hen' Fix+ mutant a7l, which is deficient in oxygen uptake ( Table 2) . Under aerobic conditions and consistent with the lack of nitrogenase activity, dinitrogenase reductase (where observed) appeared fully modified (only the more slowly moving form seen on SDS gels) or predominantly modified (both forms seen) in these mutants (Fig. 3) . In the presence of air, about half of the Fe-protein polypeptides of mutant LD2 (Fig. 3) and M61 (not shown) were in the f Acetylene reduction in micromoles per milligram of chlorophyll a per hour, the highest values measured in series of similar experiments; the corresponding value for the wild-type strain was 9.6 pmol per mg of chlorophyll a per h. ND, activity less than 0.002 ,umol per mg of chlorophyll a per h; *, dilute suspension.
N2ase, nitrogenase.
Transposition resulted in modification of the transposon.
modified form, and all Fe-protein polypeptides were modified in mutant P12. All three mutants exhibited high rates of oxygen uptake ( (19, 20) . However, it is not clear whether the disappearance of nif message is due to control of transcription of nifgenes (19) or to instability of nif mRNA (20) . Promoter fusions PnjiaMK-IuxAB (encoding luciferase) and PnifDK-lacZ (encoding 3-galactosidase) report extensive transcription of the nif genes after N stepdown in Hen-mutant PS256 (8) in the presence and absence of air (11) , although this mutant is unable to grow diazotrophically under air (8) . These results suggest that control of the level of nitrogenase by oxygen is at least in part posttranscriptional. Perhaps heterocyst-forming cyanobacteria do not require stringent transcriptional regulation of nitrogenase by oxygen because they, unlike most other organisms, have a barrier that can effectively exclude oxygen from the vicinity of nitrogenase.
Mutants LD2, M61, and P12 exhibit oxygen-sensitive nitrogenase activity, although they form apparently mature and intact heterocysts (Dab' Hen') and appear to respire normally (Table 2) . Unlike other Fox-Fix' mutants, they synthesize about the same amount of dinitrogenase reductase under anaerobic and aerobic conditions. Mutants M61 and LD2 reduced acetylene in the absence of oxygen to ethylene and ethane, reminiscent of the activity of an alternative nitrogenase (9) . The corresponding mutations could be regulatory or could affect the structure of dinitrogenase in a way that affects substrate reduction and stability against inactivation by oxygen. We conclude that respiratory activity and a diffusion barrier against gases, while necessary, appear insufficient for oxygen protection of nitrogenase in these mutants.
We expect mutations in Hen' Fix-mutants to be in a nif gene (homologous to a Kiebsiella nif gene: cf. reference 18) or in a gene required specifically for activity of nitrogenase. Among the four such mutants that we identified, only P9 synthesized dinitrogenase reductase to a level detectable by Western analysis (Fig. 3) Table 2 , have abnormally shaped vegetative cells, indicating that their phenotypes arise from a mutation that is not specific for heterocysts. The defect in fragmenting Hetmutant N5 also appears not to be heterocyst specific.
